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Edited by Jesus AvilaAbstract Transections of the entorhinal aﬀerent ﬁbers to hippo-
campus, perforant path (PP), result in the denervation in speciﬁc
hippocampal subregions, which is followed by a series of plastic
events including axon sprouting and reactive synaptogenesis.
Many growth-associated molecules are thought to participate
in these events. In the present study, we proved the upregulation
of ephrin-A2 in the denervated areas of the ipsilateral hippocam-
pus following PP transections. Interestingly, when the elevation
of ephrin-A2 reached the maximum axon sprouting in the dener-
vated areas almost ﬁnished, implying the possible inhibitory ef-
fect of ephrin-A2 on sprouting. In addition, ephrin-A2
expression was observed in synapses during reactive synaptogen-
esis, suggesting that this molecule might also be implicated in the
formation and maturation of synapses in the denervated areas.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The plasticity of mature mammalian central nervous system
(CNS) is a very intriguing issue for its signiﬁcance in functional
recovery of lesioned brain [1] and therapeutic strategies of neu-
rodegenerative diseases [2]. A well-established in vivo model
system for this issue is the hippocampus following the removal
of its main aﬀerent ﬁber system from the entorhinal cortex,
perforant path (PP) [3], which speciﬁcally terminates in the
stratum lacunosum-moleculare (SLM) of the hippocampus
and the outer molecular layer (OML) of the dentate gyrus
[4]. The transections of PP result in severe anterograde degen-
eration of these ﬁbers at once, and thereby denervation in the
SLM and OML of ipsilaterally deaﬀerented hippocampus. As
compensatory responses to the lesion, however, some intact
axons in the denervated areas are capable of sprouting andAbbreviations: CNS; central nervous system; dpl; days post-lesion;
GFAP; glial ﬁbrillary acidic protein; HBM; HEPES-buﬀered medium;
NMJ; neuromuscular junction; OML; outer molecular layer; PBS;
phosphate-buﬀered saline; PP; perforant path; SLM; stratum lacuno-
sum-moleculare; TBS; Tris-buﬀered saline
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doi:10.1016/j.febslet.2005.01.007forming new synapses with many denervated neurons through
reactive synaptogenesis, which are regarded as the lesion-in-
duced neuronal plasticity. Although the original structure
and function cannot be completely recovered, the sprouting
and the synaptogenesis contribute at least in part to the resto-
ration of some inputs to the denervated neurons, processes
that are of great importance to the stabilization of nervous net-
work after lesion and generally referred to as structural reorga-
nization [3,5–8]. The molecular mechanisms underlying the
reorganization events are still largely unknown, but it has been
proved that some growth-associated membrane-bound mole-
cules participate in these processes [9,10]. Ephrins and their
Eph receptors, which are all membrane-bound molecules, seem
to be appropriate candidates responsible for the denervation-
induced reorganization since their well-known functions in
axon guidance and growth in the nervous system of vertebrate
and invertebrate [11,12].
Ephrins and Eph receptors are classiﬁed as type A and B
according to the sequence homology and binding speciﬁcity
[13,14]. A-ephrins (ephrin-A1–A6) are associated with the plas-
ma membrane via a glycosylphosphatidylinositol linker and
preferentially bind to EphA receptors (EphA1–A8), whereas
B-ephrins (ephrin-B1–B3) are trans-membrane proteins and
mainly interact with EphB receptors (EphB1–B6). During
development, ephrin/Eph system has been well demonstrated
to play pivotal roles in many important biological processes,
such as axon guidance, neural crest cell migration, hindbrain
segmentation and somite formation [15–18]. In mature mam-
malian CNS, however, ephrins and Eph receptors are still ex-
pressed widely and found to be involved in the plastic
modiﬁcations of adult CNS [19,20], including the responses
to brain trauma [21–25].
Our previous work has shown that the expression of some
ephrin transcripts, including ephrin-A2, was transiently in-
creased in the deaﬀerented hippocampus [26], implying the
possible involvement of these molecules in the hippocampal re-
sponses to PP transections. In this study, we further analyzed
the expression of ephrin-A2 in protein level to evaluate its po-
tential roles in the reorganization events of the hippocampus
following transections of the entorhinal aﬀerent ﬁbers.2. Materials and methods
2.1. Animals and surgery
Adult female ICR mice (20–25 g) were supplied by the Shanghai
Center for Laboratory Animals (Shanghai, China) and housed un-
der standard laboratory conditions. All procedures for animalsblished by Elsevier B.V. All rights reserved.
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and Use of Laboratory Animals and approved by Animal Care
and Use Committee, Shanghai Institutes for Biological Sciences.
All eﬀorts were made to minimize animal suﬀering and the number
of animals used. The surgery for PP transections was performed
essentially as described [27]. Brieﬂy, under deep anesthesia by so-
dium pentobarbital (40 mg/kg body weight), animal was placed
in a stereotaxic apparatus. After exposing the transverse sinus
along the caudal-lateral edge of the hemisphere by drilling the
skull, a speciﬁcally tooled microknife of silver leaf (0.3 mm thick,
2 mm wide and 20 mm long with a radian of 90 at its middle
point) was inserted into the brain just along the frontal edge of
the transverse sinus at a coordinate of 2.5 mm lateral to the mid-
line and 1.2 mm caudal to the lambda, moved down until the skull
bottom, then curved laterofrontally. This surgery has been shown
to lead to the complete transections of PP from the entorhinal cor-
tex to the hippocampus, with little bleeding and minimal damage
to the hippocampus [27]. For immunohistochemistry, normal mice
were used as controls (n = 3) and the lesioned mice were allowed
to survive for 3, 7, 15, 30 and 60 days (n = 3 for each group).
The animal was deeply anesthetized with sodium pentobarbital
and transcardially perfused with 4% paraformaldehyde in 0.1 M
phosphate-buﬀered saline (PBS), pH 7.4. Then the brain was dis-
sected out, post-ﬁxed for 4 h at 4 C, incubated in 25% sucrose
to sink and cut coronally at 30 lm on a cryostat. For protein
extraction, the normal (n = 4) and lesioned mice surviving for 3,
7, 15, 30 and 60 days (n = 4 for each time point) were killed by
cervical dislocation and decapitation. The normal or ipsilaterally
deaﬀerented hippocampus was carefully dissected out from the
brain, snap frozen in liquid nitrogen and stored in 70 C until
used.2.2. Immunohistochemistry
Brain sections were washed in 0.1 M PBS for 2 · 5 min, blocked for
1 h in PTG (0.1 M PBS, 0.3% Triton X-100 and 5% normal goat ser-
um) and then incubated with mouse anti-ephrin-A2 antibody (mono-
clonal, 1:500, R&D System) in PTG at 4 C overnight. After brief
washes in 0.1 M PBS, the sections were incubated for 2 h in PTG with
horseradish peroxidase conjugated goat anti-mouse IgG (1:500, Chem-
icon) and then visualized with 0.003% H2O2 and 0.03% DAB in 0.05 M
Tris–HCl (pH 7.6).2.3. Total protein extraction
For total protein extraction, the frozen hippocampus was homoge-
nized in ice-cold lysis buﬀer (10 mM PBS, pH 7.4, 150 mM NaCl,
1% Triton X-100 and 10% glycerol) supplemented with protease inhib-
itor cocktail (Roche). The homogenized sample was centrifuged at
10000 · g for 15 min and the supernatant containing hippocampal to-
tal proteins was harvested. The protein concentration of supernatant
was determined by the method of Bradford [28]. Equal amount of hip-
pocampal proteins from each time point was analyzed in 10% SDS–
PAGE gel and transferred to PVDF membrane (Millipore) for Wes-
tern blotting.2.4. Synaptosomal protein extraction
Crude synaptosomes were prepared using the procedure de-
scribed previously [29]. Brieﬂy, each hippocampus was homoge-
nized in 320 mM sucrose (320 mM sucrose and 5 mM HEPES–
NaOH, pH 7.4). The homogenate was spun at 3000 · g for 3
min and the resulting supernatant were centrifuged for 12 min at
14,600 · g. The whiter loose compacted layer of pellet was resus-
pended in 320 mM sucrose and diluted with HEPES-buﬀered med-
ium (HBM, including 140 mM NaCl, 5 mM KCl, 20 mM HEPES,
5 mM NaHCO3, 1 mM MgCl2, 1.2 mM Na2HPO4, 1.3 mM CaCl2
and 10 mM glucose, pH 7.4). The synaptosomes were pelleted
through centrifugation at 11000 · g for 10 s and resuspended in
HBM. The synaptosomal proteins were extracted and quantiﬁed
using the method of Bradford [28]. The synaptosomal proteins
from each time point were also analyzed in 10% SDS–PAGE
gel and transferred to PVDF membrane (Millipore) for Western
blotting.2.5. Western blot analysis
The PVDF membranes were ﬁrstly washed in Tris-buﬀered saline
(TBS, 50 mM Tris–HCl, pH 7.4 and 150 mM NaCl) and then incu-
bated with mouse anti-ephrin-A2 antibody (monoclonal, 1:500 R&D
System), mouse anti-glial ﬁbrillary acidic protein (GFAP) antibody
(monoclonal, 1:500, Sigma), mouse anti-synaptophysin antibody
(monoclonal, 1:500, Chemicon) or rabbit anti-mouse neuroﬁlament
68 kDa antiserum (polyclonal, 1:200, Chemicon) in TBS/Casein
Blocker (Bio-Rad). Thereafter, the membranes were treated with
alkaline phosphatase conjugated goat anti-mouse IgG or goat anti-
rabbit IgG (1:1000, Bio-Rad), and then developed with 60 mM
NBT and 30 mM BCIP in 10 mM Tris–HCl/Mg2+ (pH 9.5). The
Western bands were quantiﬁed over the optical densities using
the GDS8000 system with software Gel work 3.01 (UVP). Because
the expression of neuroﬁlament 68 kDa was found no signiﬁcant
alterations in the hippocampus following PP transections [30], the
values of neuroﬁlament 68 kDa in each sample could be used as
an internal standard to normalize the levels of ephrin-A2, GFAP
and synaptophysin at corresponding time point and the values were
all given as means ± S.E.M. from four hippocampi at each time
point. The data were analyzed using two-way ANOVA followed by
Tukeys post hoc test with the signiﬁcance set at P < 0.05.3. Results
3.1. The evaluation of the eﬀects of PP transections on the
hippocampus
Following PP transections, the activation of astrocytes is one
of the typical denervation-induced responses in the deaﬀe-
rented hippocampus, which is mainly characterized by the tem-
poral upregulation of GFAP. The Western blot results clearly
showed the upregulation of GFAP in the deaﬀerented hippo-
campus (Fig. 1), the time course of which was identical with
many other researches in the same model [31–33]. Addition-
ally, the temporal changes of synaptophysin, a marker of syn-
apses, generally reﬂect the variations of synapses through
initial degeneration and subsequent reactive synaptogenesis
after PP transections. The Western blotting (Fig. 1) indicated
that the level of synaptophysin was largely decreased at 3
and 7 days post-lesion (dpl), gradually recovered at 15 and
30 dpl, and almost returned to the normal level by 60 dpl,
which was accordant with previous studies in the deaﬀerented
hippocampus [34–36]. This result also suggested that the recov-
ery of the number of synapses in the deaﬀerented hippocampus
was the fastest by 15 dpl, slightly slower at 30 dpl and much
slower by 60 dpl. Altogether, the expression patterns of GFAP
and synaptophysin partly proved the reliability of this lesion
model.
3.2. The upregulation of ephrin-A2 in the deaﬀerented
hippocampus
To determine the eﬀects of PP transections on ephrin-A2
protein expression in the hippocampus at various post-lesion
time points, we utilized Western blotting to test ephrin-A2
protein level in each sample and two-way ANOVA followed
by Tukeys post hoc test to determine the temporal variations
of ephrin-A2 expression in the deaﬀerented hippocampus.
We found a single band of about 27 kDa (Fig. 2A) that
was consistent with the molecular weight of ephrin-A2 in
mouse, 27.3 kDa [37]. The statistical analysis (Fig. 2B)
showed that there was low ephrin-A2 protein signal in the
normal hippocampus as well as the deaﬀerented hippocam-
pus at 3 dpl, whereas ephrin-A2 amount was slightly in-
creased at 7 dpl and largely elevated at 15 and 30 dpl. By
Fig. 1. Western blotting of GFAP and synaptophysin in the normal
(N) and deaﬀerented hippocampus at various time points after PP
transections (3, 7, 15, 30 and 60 dpl). (A) Photograph shows transient
increase of GFAP protein and transient decrease of synaptophysin in
the hippocampus after lesion. Neuroﬁlament 68 kDa is used as an
internal standard to determine the amounts of GFAP and synapto-
physin in each sample. (B) The protein levels are semi-quantiﬁed in
each sample in relation to that of neuroﬁlament. Each bar represents
the mean ± S.E.M. of four animals at each time point. *P < 0.05 vs.
normal hippocampus, two-way ANOVA and Tukeys post hoc test.
Fig. 2. Western blot analysis of ephrin-A2 protein in the normal (N)
and deaﬀerented hippocampus at 3, 7, 15, 30 and 60 days following PP
transections. (A) Photograph shows a single blot band of about 27
kDa in each lane, which nicely represents the actual molecular weight
of ephrin-A2 in vivo. Neuroﬁlament 68 kDa is used as an internal
standard to determine the level of ephrin-A2 in each sample. (B) The
Western bands are quantiﬁed through the optical densities. The
protein level of ephrin-A2 is semi-quantiﬁed in each sample in relation
to that of neuroﬁlament. Each bar represents the mean ± S.E.M. of
four animals at each time point. *P < 0.05 vs. normal hippocampus,
two-way ANOVA and Tukeys post hoc test.
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bounded back to the level at 7 dpl.
3.3. The layer-speciﬁc distribution of upregulated ephrin-A2 in
the deaﬀerented hippocampus
The immunohistochemistry was employed to examine the in
situ expression of ephrin-A2 protein in the hippocampus.
Although almost no obvious reaction for ephrin-A2 was visible
in all subregions of normal hippocampus (Fig. 3A) and ipsilat-
erally deaﬀerented hippocampus at 3 dpl (Fig. 3B), a discern-
ible band of ephrin-A2 immunoreactivity appeared in the
denervated SLM and OML at 7 dpl (Fig. 3C). At 15 (Fig.
3D) and 30 dpl (Fig. 3E), furthermore, ephrin-A2 immunore-
activity was conspicuously detectable speciﬁcally in the dener-
vated areas, but largely downregulated by 60 dpl (Fig. 3F). In
areas other than the entorhinal target zones of the deaﬀerented
hippocampus, i.e. stratum pyramidale (SP), stratum radiatum
(SR), dentate inner molecular layer (IML) and stratum granu-
lare (SG), there were no any changes in ephrin-A2 protein
expression at all post-lesion time points in comparison with
the counterparts of the normal controls. The spatiotemporal
upregulation of ephrin-A2 expression was therefore coincident
with reactive synaptogenesis in the deaﬀerented hippocampus,
which starts in the denervated areas approximately at 8 dpl
and persists for several months after PP transections [3].3.4. The synaptic localization of the upregulated ephrin-A2 in the
deaﬀerented hippocampus
To prove the potential involvement of ephrin-A2 in reactive
synaptogenesis in the deaﬀerented hippocampus after PP tran-
sections, we speciﬁcally extracted synaptosomes from normal
and ipsilaterally deaﬀerented hippocampus, respectively. Wes-
tern blot analysis showed that in the synaptosomal proteins
from either deaﬀerented hippocampus at each time point
post-lesion or normal hippocampus, there was signal for the
synapse marker, synaptophysin (Fig. 4, middle stripe) but no
signal for the astrocyte marker, GFAP (Fig. 4, bottom stripe),
providing the indication for the high purity of synaptosomes.
The Western blot analysis using anti-ephrin-A2 antibody
(Fig. 4, top stripe) showed that there was no signal for eph-
rin-A2 in synapses from the normal hippocampus as well as
the hippocampus at 3 dpl, whereas ephrin-A2 was slightly ex-
pressed at 7 dpl, remarkably upregulated at 15 and 30 dpl, and
still detected in the synaptosomes by 60 dpl despite obvious
downregulation. Thus, ephrin-A2 is temporally expressed in
the synapses of the deaﬀerented hippocampus and may be
implicated in the process of reactive synaptogenesis in the deaf-
ferented hippocampus.4. Discussion
Ephrin-A2 has been deep researched in retinotectal or reti-
nocollicular system and is considered to play pivotal roles in
the construction of topographic connections between retina
and its midbrain target, tectum or superior colliculus by the
repulsive interaction with its cognate EphA receptors [15–
Fig. 3. Immunohistochemistry of ephrin-A2 protein in normal and deaﬀerented hippocampus. At 3 dpl (B), no visible immunoreactivity of ephrin-
A2 is shown in all subregions, i.e. SP, SR, SLM, OML, IML and SG, which is very similar to that in the normal hippocampus (A). At 7 dpl (C),
however, a discernible band of ephrin-A2 immunoreactivity is visible speciﬁcally in the denervated SLM and OML. The intensity of ephrin-A2 band
is markedly increased at 15 (D) and 30 dpl (E), but the band becomes weak by 60 dpl (F) in the denervated SLM and OML. Scale bar = 100 lm.
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hippocamposeptal topographic projections [41,42]. In the pres-
ent experiment, we observed using Western blotting and
immunohistochemistry that ephrin-A2 protein was transiently
upregulated in the denervated SLM and OML from about 7
dpl. The spatiotemporal elevation of ephrin-A2 expression is
therefore nicely coincident with the well-documented local pro-
tein synthesis in this lesion model, which generally begins at 6–
7 dpl and speciﬁcally occurs in the denervated areas following
PP transections [3,43].
Interestingly, the upregulation of ephrin-A2 expression ini-
tially appeared in the deaﬀerented hippocampus at 7 dpl whenFig. 4. Western blotting of ephrin-A2 (top stripe), synaptophysin
(middle stripe) and GFAP (bottom stripe) in the synaptosomes of
normal and ipsilaterally deaﬀerented hippocampus. Representative
Western blotting illustrates that almost no ephrin-A2 is visible in
synaptosomes of ipsilaterally deaﬀerented hippocampus at 3 dpl as
well as normal hippocampus (N). At 7 dpl, however, there is a
discernible but very weak band of ephrin-A2 immunoreactivity.
Remarkably, ephrin-A2 signal is distinctly displayed in synaptosomes
of ipsilaterally deaﬀerented hippocampus at 15 and 30 dpl. By 60 dpl,
ephrin-A2 blot signal is still detected though it is very low. In parallel
examinations, synaptophysin is present in each synaptosome sample,
whereas GFAP is nearly absent in the synaptosome extract, which
implies an acceptable purity of synaptosomes used for the analysis.the axon sprouting has been reported to be prosperous [3],
whereas the elevation of ephrin-A2 reached the maximum at
15 dpl when the sprouting is known to be nearly ended [3].
Therefore, there seems to be an incompatibility between the
upregulation of ephrin-A2 and axon sprouting, which raises
a possibility that ephrin-A2 may inhibit the axon sprouting
in a concentration-dependent manner. In vitro and in vivo
experiments have indicated that ephrin-A2 has an inhibiting ef-
fect on axon growth and arborization, which are the same in
nature as axon sprouting, to inhibit inappropriate projections
and abnormal branching [44,45]. Moreover, this eﬀect is con-
sidered to rely on ephrin-A2 concentration and to display only
at relatively high concentration [16]. It is therefore plausible
that when ephrin-A2 increases to an appropriate concentration
in the denervated areas, it may serve as a negative regulator to
inhibit axonal growth to avoid redundant sprouting in the
deaﬀerented hippocampus.
Our results also showed that the upregulated ephrin-A2 was
present in the synaptosomes of the deaﬀerented hippocampus
especially during the process of reactive synaptogenesis, imply-
ing its possible involvement in this event. Furthermore, ephrin-
A2 expressed in synapses reaches the highest level at 15 dpl, the
time when the new synapses form through reactive synapto-
genesis at the maximum in number [3], whereas ephrin-A2 in
synapses is slightly downregulated at 30 dpl when the number
of newly formed synapses is lesser than that at 15 dpl [3]. The
expression of ephrin-A2 in synapses is further decreased
though it could still be detected by 60 dpl when reactive syna-
ptogenesis had become very slow [3]. Accordingly, it is possible
that ephrin-A2 expressed in synapses might speciﬁcally partic-
ipate in the formation and stability of new synapses. Support-
ing this assumption, ephrin-A2 and its EphA receptors were
reported to be expressed in the neuromuscular junction
(NMJ) which is an analogue of synapse, and the activation
of EphA receptors after binding ephrin-A2 was established
to be involved in the stability and maturation of NMJ between
motor axons and skeletal muscles [46]. In addition, it has been
proved that many EphA receptors that can eﬀectively bind
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moreover some of these receptors are localized in synapses,
the activation of which generally regulates the status of syn-
apses [51–53]. Ephrin-A2 in synapses, therefore, might act as
a stimulator to activate its receptors to promote the formation
and maturation of synapses during reactive synaptogenesis.
In conclusion, our present ﬁndings indicated the spatiotem-
poral upregulation of ephrin-A2 in the deaﬀerented hippocam-
pus following PP transections, providing assumptions that
ephrin-A2 is implicated in stopping sprouting and promoting
synaptogenesis by activating its cognate EphA receptors.
However, further work by mutant or overexpressing of eph-
rin-A2 will provide more convincing evidence for whether eph-
rin-A2 is involved in the denervation-induced reorganization
in the hippocampus following PP transections.
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